The factors that determine the stability and the effects of noncovalent interaction on the 6-arene ruthenium anticancer complexes are determined using DFT method. The intramolecular and intra-atomic properties were computed for two models of these half-sandwich ruthenium anticancer complexes and their respective hydrated forms. The results showed that the stability of these complexes depends largely on the network of hydrogen bonds (HB), strong nature of charge transfer, polarizability, and electrostatic energies that exist within the complexes. The hydrogen bonds strength was found to be related to the reported anticancer activities and the activation of the complexes by hydration. The metal-ligand bonds were found to be closed shell systems that are characterised by high positive Laplacian values of electron density. Two of the complexes are found to be predominantly characterised by LMCT while the other two are predominately characterised by MLCT.
Introduction
There have been several research efforts to synthesize Rubased anticancer complexes as alternative to cis-platin in cancer therapy [1] [2] [3] . Among the most studied compounds are the half-sandwich complexes of ruthenium due to their unique properties [4] [5] [6] . Among the most studied complexes are the half-sandwich complexes of ruthenium. Several of these half-sandwich ruthenium complexes have found numerous applications as catalysts for organic transformations, in the supramolecular field and in medicinal chemistry [7] . The applications of these complexes as anticancer agent have been reported [3, [8] [9] [10] [11] [12] .
Some of the properties of interest are the existing noncovalent interactions and the effect of hydration on the interatomic interactions in the complexes. The noncovalent interactions such as hydrogen bonding, anion-, cation-, and -interactions and other weak forces are important in chemical reactions, molecular recognition, and regulation of biochemical processes [13, 14] . Deep understanding of these interactions has been pointed out to be of great importance in rationalizing their effects [14] . Using Bader's quantum theory of atoms in molecules (QTAIM) [15] , the atomic properties such as electronic population, energies, and (de)localization are evaluated over the atomic basins. Computer simulation is known to be helpful in giving detailed atomic structural properties and in interpreting experimental data at atomic level of interaction to show the mechanisms of biomolecular function [16] . Also, the quantum calculation plays significant roles in determination of force fields [17, 18] necessary for the in silico drug designs which is known to be pivotal in discovering new drugs and designing more efficient ones [19, 20] .
In this research work, we have selected two of the models compounds ( Figure 1 ) which are [Ru( 6-p-benzene) Cl 2 (pta)] (RAPTA-H named as complexes 1 and 2) and [Ru( 6-p-cymene)Cl 2 (pta)] (RAPTA-C named as complexes 3 and 4) reported by Chatterjee et al. as anticancer agents [21] . The hydrated form of these complexes which are [Ru ( 6- occur through hydration [10, [22] [23] [24] . Complexes with PTA ligand have in recent years received attention because of their water solubility and applications as catalyst [25] . The only difference between complexes 1 and 3 is the use of cymene as arene unit in 3 while benzene is used in complex 1. This little change in ligand has been reported to enhance the anticancer activities of complex 3 compare to 1 [21] . The choice of ligand is important because a too strongly bound ligand could render the drug inactive, while a labile ligand could be easily hydrolysed or replaced [26] . Many of these ruthenium-arene complexes are known to have complicated and unstable ligand exchange [2] . In order to improve their anticancer activities and obtain a better lead compounds, their stability must be improved [2] . In this study, we have used the quantum theory of atoms in molecules (QTAIM) to understand the effects of noncovalent interactions on the stability and hydration of these complexes.
Computational Method
In this work, the geometries of the complexes were first optimized with PBE0 [27] functional and mixed basis sets SBKJC VDZ with effective core potential (ESP) [28] for Ru, P, and Cl while basis set 6-31G * was applied on other atoms in each of the complexes (this will subsequently be referred to as ECP (Ru,P,Cl)|6-31G * ). In the second optimization, the SBKJC VDZ is limited to only the ruthenium atom while the scaled-up basis set 6-31+G(d,p) was applied on other atoms in the complexes which shall subsequently be referred to as ECP(Ru)|6-31+G(d,p). The external basis sets were obtained from EMSL basis set library [29, 30] and were incorporated into the input files in a format that each FIREFLY and Gaussian 09 (G09) can read. SBKJC VDZ ECP basis set with PBE0 functional has been shown to be effective in treating complexes with large number of electrons and has been applied in computing properties of many metal clusters [31, 32] . Other properties of the complexes are computed at B3LYP hybrid functional level of theories [33] using basis set DGDVZP applied on Ru atom while others are treated with 6-31+G(d,p) which will be referred to as DGDVZP(Ru)|6-31+G(d,p) subsequently. Also lower basis set 3-21G [34] was applied on all atoms of the complexes in order to compare its values with DGDVZP(Ru)|6-31+G(d,p) systems. The Bader quantum theory of atoms in molecules (QTAIM) analysis was done mainly using the wavefunction obtained from both DGDVZP(Ru)|6-31+G(d,p) and 3-21G basis sets treated systems. A topological analysis was performed in order to calculate the charge density ( ) and its second Laplacian derivative of charge density (∇ 2 ) for the bond critical points (BCP).
The major computation tools used are FIREFLY 7.1.G [35] which is partially based on the GAMESS (US) [36] source code, Gaussian 09 [37] , and AIMAll 12.06.03 [38] . NBO 5.0G program [39] as implemented in FIREFLY 7.1.G was used for the natural bond orbital (NBO) analysis [40] and natural energy decomposition analysis (NEDA) [41] .
Result and Discussion
Stable stationary geometries were obtained for the four complexes which are characterized with zero imaginary number from the thermodynamic calculation. When the geometries of the complexes were further optimized from PBE0/ECP(Ru,P,Cl)|6-31G * to PBE0/ECP(Ru)|6-31+G(d,p), the highest contraction of bond lengths up to 0.05Å was observed for Ru-Cl bonds ( Table 1 ). There is also a slight change in bond orders up to 0.1 when comparing the two steps of optimization. Applying uniform basis set 3-21G on all atoms of the complexes, there is no significant change in the total energies from the first optimization (−6307.84, −5925.61, −6464.66, and −6082.04 A.U., resp.) to the second optimization (−6307.84, −5925.61, −6464.26, and −6082.04 A.U.). The bond orders of the Ru-Cl bonds increase in the hydrated complexes 2 and 4 which suggest that the possibility of displacing the second Cl atom with aqua ligand will be difficult [42] . But on the other hand, the Ru-P bond order decreases upon hydration of the complexes. The properties computed using combination of higher basis sets DGDVZP(Ru)|6-31+G(d,p) and those computed using lower basis sets 3-21G follow the same trend which is an indication that lower basis sets can give insight into the trend though it either underestimates or overestimates the computed properties.
3.1. The Natural Bond Orbitals (NBO) Analysis. The total electron densities are characterised mostly as Lewis electrons which are higher than 97% in all the complexes indicating that they are stable. Also, the negligible nature of extravalence orbitals (i.e., Rydberg) which is a slight departure from a localized Lewis structure model (0.14% in all the complexes) suggests the stability of the complexes. However, the relatively high electron delocalization which is the non-Lewis orbitals (little above 2.00%) indicates that they play significant roles in the stability of the complexes. The 4dorbitals of the ruthenium atom are lower in energy than 5s-orbital and are used preferentially in bonding with other atoms in the complexes. The polarization features of some visible Ru-L bonding orbitals are shown in Table 2 , while Table 3 shows the nature of the electron delocalization orbitals with their secondorder perturbation energy ( (2) ). The number of the electron transfer into each of the acceptor orbitals in Table 3 are shown in Table 4 with the values of their energy level. The bonding polarizations of the Ru-L are directed towards the ligand atoms ( Table 2 ). The reverse is the case in all the antibonding orbitals interactions as a result of backbonding of electrons into the antibonding lone pair of ruthenium atoms. The features of the charge transfer are clearly seen from the delocalized orbitals that have notable interaction with the Ru atom or bonds and have significant stabilization energy ( (2) ) equal or greater than 10 kcal/mol as presented in Table 3 . There are many bond to bond, atom to bond, and atom to atom delocalization orbitals of electrons in the complexes. The most significant feature is the presence of metal to ligand charge transfer (MLCT) from the lone pair of Ru to the antibonding lone pair of arene C atoms in all the complexes. There is also an observed MLCT from the lone pair of ruthenium to the bonding lone pair of the same arene C atoms in complexes 2 and 3. In all the complexes there is also ligand to metal charge transfer from the arene C atoms into the antibonding lone pair of ruthenium atoms or antibonding orbitals of the ruthenium-ligand ( RuL) bonds. All the backbonding of electronic charges is responsible for the significant effect of the non-Lewis backbonding contribution to the stability of the complexes. From the NEDA analysis, if the total charge transfer from ligand to the lone pair of Table 3 : The delocalization orbitals with their second perturbation energies ( (2) ). Donor Acceptor (2) Donor Acceptor (2) Donor Acceptor (2) Donor Acceptor (2) 90. LP (2) The orbital analyses in the table are defined in terms of the second perturbation energy or stability energy ( (2) in kcal/mol).
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Natural Energy Decomposition Analysis.
Results obtained from the NEDA analysis are shown in Table 5 . The complexes 1, 2, 3, and 4 are fragmented into four, three, two, and six units, respectively. The respective fragmentations Table 6 except the last two fragments of complex 4 which are the two hydrogen atoms of the aqua ligand that have negligible zero contribution. The number of the fragmentations in the complexes significantly correlates with their total interaction energy ( Table 5 ). The strength of the interaction energy does not correlate with the number of hydrogen bond in the complexes. There are two, one, four, and five hydrogen bonds in complexes 1, 2, 3, and 4, respectively, as shown in Figure 3 . The result shows that either polarization (POL) (complexes 1, 2, and 3) or charge transfer (CT) (complex 4) has the greatest contribution to the stability of the complexes. The significant values of the POL and ES result in the electrical energy having the highest contribution to the stability of the complexes ( Table 5 ). The hydrated complex 4 has the highest interaction energy as a result of its significant high CT, ES, and POL. On the contrary, the hydrated complex 2 has lower interaction energy compared to its unhydrated complex 1.
The high stability of interaction energy of RAPTA-C (i.e., hydrated complex 4) should significantly contribute to its experimentally reported higher anticancer activity than the other RAPTA complexes [21] . In all the complexes, the high negative values of CT, ES, and POL balance up the strong core repulsion energy that is made up of the sum of exchange interaction (XC) and deformation energy (DEF). The first fragment in each of the complexes comprises the Ru and the PTA atoms while the second fragment is made up of their respective arene ligands. The arene fragment stability is greatly enhanced in the presence of other fragments in the complexes resulting in high induced energy ( Table 6 ). The significant high induced dipole moment of the remaining chloride atom of complex 4 will definitely enhance the second hydration by exposing better to electrophilic attack. The high induced dipole moment and energy of the fragments in each complex are an indication that the fragments are synergistic. The improvement in the stability energy of one unit on the other is due to the synergistic effect of the ligands that are coordinated to the metal centre which is a unique property of metal complexes that is suggested to be responsible for the observed cytotoxic effect of many ligands [45] . The significant values of the induced dipoles in the complex especially from the acceptor unit imply that there is no strict orthogonality required from wavefunctions of the fragments which is responsible for the significant polarization, thereby exposing them as better acceptor and donor to nucleophilic and electrophilic attacks. (Table 7) and B3LYP/3-21G (see Supplementary  Table S1 available online at http://dx.doi.org/10.1155/2013/ 892052) methods of computation were obtained from the quantum theory of atoms in molecules (QTAIM) analysis of their respective electron density wavefunctions. The features of the interatomic interaction were explained in terms of the critical points density ( ) to obtain information about the existence of bonds and the Laplacian of the electron density (∇ 2 ) at that point which gives the kind of interactions and their strength based on the sign and magnitude, respectively. The ( ) and ∇ 2 ( ) of all the Ru-L bonds are shown in Table 7 and S1. All the Ru-L bonds of the complexes are characterized with positive but higher ∇ 2 ( Table 7 and S1 and Figure 3 ) than hydrogen bonds confirming that they are closed shell interactions like dative, hydrogen, ionic, and van der Waals bonds [46, 47] . The features of the bonds are shown using the contour plot of the ∇ 2 along the plane of the P, Ru, and Cl or O atoms where the hydrated complexes are considered ( Figure 3 ). Many of the atoms of the complexes are found to be on the chosen plane and all the ligandligand bonds are characterised with negative ∇ 2 (solid lines) while the metal-ligand bonds are characterised with positive ∇ 2 (dash lines). All the covalent bonds in the complexes are characterised with high negative values of ( ), lower , and higher values of the Laplacian of the electron-nuclear attractive contribution to virial field (∇ 2 Ven). All the strong noncovalent bonds like Ru-L in the complexes are also characterised with the same properties of the covalent bond except that their values are lower and the ∇ 2 ( ) has positive values. Complexes 1, 2, 3, and 4 have two, one, four, and five hydrogen bonds, respectively (Figure 3 ). In the literature there have been reports of unusual alkyl and halogen Hbonds [48] [49] [50] [51] [52] [53] [54] which are also observed in these complexes. There are unusual H-bonds between the alkyl C atoms of the cymene unit of complexes 3 and 4 and also H bonds between the chloride atoms and H atom of aqua, PTA, and arene ligands which contribute significantly to the H bond networks of complexes 1, 3, and 4. Hydrogen bonding is known to be a stabilizing interaction that influences the structure, function, and dynamics of many chemical and biological systems in the gaseous, liquid and solid states [49, 50] . Hydrogen bonds are significantly important in defining the crystal packing of many organic and organometallic molecules and the 3D structure of biological macromolecules as well as modulating the reactivity of different groups within a molecule [49] . Peculiar to complexes 3 and 4, one chloride atom forms two hydrogen bonds with the nearby hydrogen atoms from PTA, aqua, and arene ligands. The introduction of cymene as source of bond in the arene moiety of complexes 3 and 4 other than the benzene of complexes 1 and 2 brings about significant differences in their HB network. This network of HB further gives insight into the nature of electron communication that results in the synergistic effects of the coordinated ligands. The higher HB network in complexes 3 and 4 indicates that many of the atoms in these complexes will be sensitive to macromolecular interactions and should be responsible for their experimental reports of high cytotoxic activities than complexes 1 and 2 [21] . The hydrated forms (complexes 2 and 4) are characterised with extra and stronger HB suggesting that the activation mechanism of these complexes by hydration [10, [22] [23] [24] can possibly be the result of increase in the sensitivity of the atoms as a result of increased networks of HB and electronic interactions. There is a unique HB that exists between Cl and H atoms of the water molecules in the hydrated forms that is stronger than any other existing HB based on a higher value of ∇ 2 ( ) and ( ) ( Figure 3) . The values of the ratio of the magnitude of potential energy (P.E) and the kinetic energy (K.E) of the electrons (| |/ ) in Table 7 and S1 are relatively low indicating a balance between stronger bond interactions and high density in the regions [15] . A high value of | |/ corresponds to higher density and stronger bonds except where the ∇ 2 ( ) is small (Table 7 and S1 and correlation in Table S2 ). The unique HB in the hydrated complexes that are also recognised in the bond order analysis is characterised with higher values of | |/ which is closed to that of the metal-ligand bonds than other HB. The very low average Journal of Chemistry 9 kinetic energy which is responsible for higher | |/ has been pointed out through the uncertainty principle to be the nature of loosely bound density [15] . The strength of the two Ru-Cl bonds in terms of the ∇ 2 and is not equal in complex 3 compared to complex 1 ( Table 7 and S1) which is also observed in their bond order ( Table 1 ). The imbalance features of the two Ru-Cl in complex 3 can enhance the aqua substitution of the weaker Ru-Cl to form Ru-OH 2 which may also play significant role in the reported higher anticancer activity of RAPTA-C since easy hydration has direct correlation with the higher anticancer activity [24] . The ∇ 2 of Ru-P bond in all the complexes is found to be the lowest in all the existing metal-ligand bonds which would have suggested it as the most possible leaving unit except for its higher ( ), lower , and relatively high ∇ 2 Ven values ( Table 7 and S1). The ∇ 2 ( ) of Ru-P bond slightly reduces in value in the hydrated complexes 2 and 4 compared to complexes 1 and 3, respectively, while the ∇ 2 ( ) of the RuCl bond of the retained Cl atom slightly increased just as it was observed for the bond order analysis.
The relationships between the computed factors of the bonds are constructed over all the existing bonds in the complexes ( Supplementary Table S2 ). A very high negative value of ∇ 2 ( ) is an indication of strong covalent bond while a high positive value corresponds to a strong noncovalent bond. The general relation is that high negative value of ∇ 2 ( ) is directly proportional to high ( ), high ∇ 2 Ven, lower bond stretch (BPL-GBL I), lower kinetic energy ( ), high negative values of potential energy ( ), lower ellipticity ( ), and relatively high value of | |/ . The higher electronic kinetic energy ( ) is an indication of lower values of ∇ 2 ( ), , and potential energy ( ) but a higher value of ( ) (Supplementary Table S2 ). These observed correlations further confirmed the reported nature of very flat electron density region that is characterised with a very low average values for ( ), ∇ 2 ( ) which is usually found to have a relatively high [55] .
The QTAIM analysis using the wavefunction file obtained from the mixed basis set where the ECP is applied on Ru, P, and Cl atoms (PBE0/ECP(Ru,P,Cl)|6-31G * treated systems) gives spurious topological features of the complexes. We observed common nonnuclear attractor (NNA) critical points (CP), that is, (3, −3) , between the Ru-P and Ru-Cl bonds which were completely absent when all electron basis sets DGDVZP(Ru)|6-31+G(d,p) and 3-21G were used. The existence of NNA in only ECP models suggests it is just a computational artefact of ECP basis set. However, the existence of NNA has been reported to be not just an artefact of computational methods but a genuine feature of the electron density distribution of some complexes [56] . An instance of the first unambiguous experimental evidence of such a feature in a stable molecule was reported by Platts et al. [15] . Our observation shows that the pseudopotentials that are used to represent the core electrons cannot conveniently account for all the electrons distribution around these complexes and it is responsible for the introduced NNA. This agrees with report which shows that NNA originate from the shape of valence molecular orbitals that might occur in bonds of low polarity in which core contributions are negligible and the radial form of the valence orbitals dominates the total density [15, 57] .
The Intra-Atomic
Properties. The properties of some selected atoms in each of the four complexes are presented in Table 8 and supplementary Table S3 . The integrated Lagrangian values ( ) of all the atomic basins are approximately equal to zero, which is an indication of satisfactory numerical integration [15] . The distribution of the atomic charges shows that the arene C atoms have gain charges confirming the existence of MLCT. For all the atoms in the complexes other than H atoms, the values of the percentage localization (% ( )) are higher than the percentage delocalization (% ( , )). The reverse nature of the % ( ) and % ( , ) of the H atoms indicates that they can be easily perturbed by an external electric field [15] . The atomic volume (Vol( )) of Ru and P atoms increases in the respective hydrated complexes 2 and 4 while that of the Cl atom decreases. The % ( ) of the Ru and arene C atoms increases in the respective hydrated complexes 2 and 4 while that of the P and Cl atoms decreases which consequentially leads to a reverse trend in their % ( , ). Both bonding (| bond ( )|) and total dipole (| Total ( )|) moments of the Ru and Cl atoms are higher than the intra-atomic dipole moment (| Intra ( )|) in all the complexes, but the reverse is the case of the P atom. The magnitude of the three dipole moments of the Ru atom decreases in the respective hydrated complexes 2 and 4. The bonding dipole of the P atom increased appreciably in the hydrated complexes 2 and 4 but still lower than its intraatomic dipole moment. The contribution of Ru atom to electronic energy of molecule (Ee( )) slightly decreases in the hydrated complexes and also decreases sequentially from complexes 1 to 4 while the values of the Scaled increases. The Ru atom of complex 4 has a significantly higher and different value of its out of plane magnetizability contribution ( ) compared to its values in other complexes as a result of its higher intraatomic magnetizability than the bonding magnetizability. This further distinguishes hydrated RAPTA-C complex which is experimentally reported as having better anticancer activities than others. The N atoms from the PTA which have been reported to usually take part in HB interaction of the complexes with macromolecule [58] are observed to have virtually the same charges in all the complexes and a very little reduction in the Vol( ) in the hydrated forms. The H atoms from the water molecule of the hydrated forms which are involved in HB are characterised with higher ( ), lower Vol( ), and lower ( ) compared to other H atoms from the PTA and arene units that are also involved in HB.
The features of the relation within the computed intramolecular properties can be seen from the constructed correlation in Table S4 . Higher ( ) is found to be as a result of higher bonding dipole moment contribution of the atoms (| bond ( )|), high number of electrons and relatively low Vol( ) that are poorly correlated. The high value of | bond ( )| is an indication of low % ( , ), high % ( ), and high Vol( ) of atoms. The atoms that are characterised with bigger volume will be associated with higher negative values of the . The atomic energy contribution (Ee( )) to the virial energy of the system depends significantly on the number of the electrons and the number of localized electrons. The out of plane magnetizability ( ) is proportional to the number of the atomic localized electrons and inversely proportional to the atomic delocalized number of electrons.
The total sum of the intraatomic properties computed over all existing atoms shows the changes in the computed atomic properties from one complex to another (Supplementary Table S5 ). The decrease in the values of the atomic energy contributions like Ee( ) and Scaled of the respective hydrated complexes shows the significant contribution of the Cl atom to the total energy of the systems. The average values of the percentage electron delocalization over all the atoms increase in the respective hydrated complexes while the average electron localization decreases which correspond with the theory of activation of this complexes by hydration. Also, the average electron delocalization and the three types of dipole moments in complexes 3 and 4 are higher than complexes 1 and 2 which further distinguishes RAPTA-C complex of reported better anticancer activities.
Conclusion
The quantum properties of complexes 1, 2, 3, and 4 were computed based on the NBO, NPA, NEDA, and QTAIM analyses using two mixed basis sets and single minimum basis set. Stable stationary geometries were obtained for the four complexes which are characterized with zero imaginary number. The bond orders, ( ), and ∇ 2 ( ) of the Ru-Cl bonds increase in the hydrated complexes 2 and 4 which suggests that the possibility of displacing the last Cl atom with aqua ligand will be difficult [42] . The results from the NBO and NEDA analyses with the features HOMO and LUMO show that complexes 1 and 4 are predominantly characterised with LMCT while complexes 2 and 3 are predominately characterised with MLCT. The result shows that either polarization (POL) (complexes 1, 2, and 3) or charge transfer (CT) (complex 4) has the greatest contribution to the stability of the complexes. The hydrated complex 4 has the highest interaction energy as a result of its significant high CT, ES, and POL which gives a possible distinguishing features that can contribute to the reported higher anticancer activities of RAPTA-C [21] . In all the complexes, the high negative values of CT, ES and POL balance up the strong core repulsion energy that is made up of the sum of exchange interaction (XC) and deformation energy (DEF). The strength of the charge transfer within the complexes depends mostly on the fragmentation of each complex. The NEDA analysis of complexes shows that the coordinated ligands have high synergistic effects which may be responsible for their impacted anticancer activities. The differences in HB networks suggest a difference in sensitivity of the atoms in each complex and are found to correlate with the reported anticancer activities of these complexes. The networks of charge transfer and HB significantly contribute to the observed synergistic effects of the coordinated ligands confirming the possibility of these effects resulting in the high cytotoxicity as reported experimentally [45] . Several bond properties and intra-atomic properties have been used to explain the chemistry of these complexes, and the correlation of the computed properties was considered.
The QTAIM analysis shows that all the metal-ligand bonds are closed shell interactions characterised with dative bonds. The HB interactions in the complexes increased when the benzene is substituted with cymene as the arene moiety of the ligand, and the hydrated forms are characterised with stronger HB interactions indicating that HB may have significantly affected their experimentally reported activation by hydration. The intra-atomic properties show that only the H atoms are characterised with high % ( , ) and low % ( ) indicating that they can be easily perturbed than any other atoms in the complexes. There is a little increase in Vol( ) of Ru and P atoms in the hydrated forms.
